Mass spectrometric and Langmuir probe measurements reveal that the plasma chemistry of an expanding Ar/C 2 H 2 plasma which is used for deposition of hydrogenated amorphous carbon is dominated by argon ion-induced dissociation of the precursor gas. The ion-induced dissociation is very efficient leading to complete depletion under certain conditions. The ion fluence as determined from modeling the mass spectrometry results is in good agreement with Langmuir probe measurements suggesting a one-to-one relation between the argon ion and acetylene consumption. The good correlation found between the growth rate and the acetylene consumption rate expresses the efficient use of the dissociation products. © 1999 American Institute of Physics. ͓S0003-6951͑99͒02820-X͔ Hydrogenated amorphous carbon (a-C:H͒ is well known for its favorable properties like high hardness, chemical inertness, and infrared transparency. 1, 2 These properties make the material very suitable for use as a protective coating on optical devices, e.g., bar-code laser scanners and flat panel displays, and as a wear resistant coating. For industrial applications however, high growth rates are desirable. It was shown in previous work 3 that with an expanding thermal argon plasma into which acetylene (C 2 H 2 ) is injected downstream, a-C:H films can be deposited at rates as high as 70 nm s Ϫ1 . Moreover, it was demonstrated that the quality in terms of hardness and infrared refractive index increases with increasing growth rate. 3 The maximum hardness obtained is approximately 14 GPa. 3 In earlier studies, it was argued that the dissociation of acetylene is ion induced since the electron temperature in the expansion is too low ͑Ͻ0.3 eV͒ for significant electron-induced dissociation or ionization. 3 Note that this is a main difference with most other remote plasma deposition sources in which the dissociation of the precursor gases is by electron impact. The proposed dissociation mechanism consists of a charge exchange reaction of an argon ion with an acetylene molecule directly followed by the dissociative recombination of the ͑rovibrationally excited͒ acetylene ion with an electron, i.e., Ar ϩ ϩC 2 H 2 →ArϩC 2 H 2 ϩ,r,v , ͑1a͒
The typical rate k CE for the charge exchange reaction ͑1a͒ is 10 Ϫ16 m 3 s Ϫ1 , a value close to the Langevin limit. 4 The overall rate coefficient k DR for the dissociative recombination reaction ͑1b͒ was measured to be around 3 ϫ10 Ϫ13 m 3 s Ϫ1 . 5 The dissociation rate will be limited by the lowest rate, which is the rate k CE for the charge exchange reaction ͑1a͒. The cross sections for electron-induced ionization or dissociation of acetylene are in the same order of magnitude (ϳ10 Ϫ20 m 2 ) as the cross section for the charge exchange reaction ͑1a͒, but have a typical threshold at an electron energy of Ϸ10 eV. 6 Therefore, the dissociation rate of these processes will be considerably smaller than k CE at mean electron energies below this threshold. The ioninduced dissociation will be thus much more effective than electron-induced processes, especially at lower electron temperatures. Results from particle flow rate and arc current studies 7 and recently also from cavity ringdown spectroscopy and optical emission spectroscopy measurements 8 suggest that the C 2 H radical and atomic hydrogen are the dominant dissociation products in reaction ͑1b͒. Till now the dissociation products could not be directly measured, and the suggested dissociation mechanism and predominant production of C 2 H and H radicals downstream of the arc source could not be verified. Using Langmuir probe and mass spectrometry measurements the plasma chemistry of the expanding Ar/C 2 H 2 plasma can be addressed in more detail. The plasma deposition setup is extensively described elsewhere. 3 It consists of a vertically positioned, cylindrical expansion vessel ͑diameter 36 cm, length 65 cm͒ at low pressure ͑25-30 Pa͒. In a cascaded arc, which is mounted on top of the vessel on a moveable holder, a thermal argon plasma is generated. Typical parameters in the arc are a pressure of 40-60 kPa, an arc current I arc of 30-90 A ͑1-5 kW͒, and an argon particle flow rate ⌽ Ar of 50-100 sccs. The argon plasma expands into the low-pressure vessel where 0-20 sccs of acetylene is supersonically injected downstream by means of a gas injection ring. The produced radicals are transported with the flowing plasma towards the temperature-controlled substrate holder, which is positioned at 60 cm from the arc outlet. The Langmuir probe measurements were performed in a pure argon plasma at approximately 30 cm from the arc exit. The cylindrical Langmuir probe with a length of 0.5 cm and a radius of 0.1 mm is made out of tungsten and can be moved in radial direction to obtain radial profiles of the ion flux passing and the plasma beam area. The probe characteristic is analyzed using conventional methods. 9 The deposition rate is measured in situ a͒ with a home-built HeNe ͑632.8 nm͒ rotating compensator ellipsometer. A residual gas analyzer ͑K. J. Lesker Company, AccuQuad 200D͒ samples background gas approximately at the position of the substrate holder through a 30 m pinhole. The mass peak at 26 amu was used as a fingerprint for the presence of C 2 H 2 gas in the background. The full mass spectrum in the regions 12-16 and 24-30 amu was analyzed using measured cracking patterns of C 2 H 2 , C 2 H 4 , and C 2 H 6 to correct for the contribution of ethene (C 2 H 4 ) and ethane (C 2 H 6 ). For the conditions presented here, the contribution of ethene and ethane to the signal was smaller than 4%. These results were independently confirmed by gas phase infrared absorption spectroscopy. 10 From the mass spectrometer data, the consumption of the precursor gas can be calculated. The depletion D of acetylene is defined as
where I on (m/Zϭ26) and I off (m/Zϭ26) are the signals at 26 amu in plasma on respectively plasma off situation. It was verified that the gas temperature in the background does not change considerably when the plasma is switched on, which is logical considering the long residence time in the background. Therefore, no temperature correction is made in Eq. ͑2͒. Because the precursor injection is supersonic and the residence time of acetylene ͑ϳ0.4 s͒ is much longer than its diffusion time from wall to wall ͑ϳ0.01 s͒, both in the plasma off and plasma on situation the reactor is expected to be fully mixed. In this case the depletion as defined in Eq. ͑2͒ is a good measure for the acetylene consumption.
As can be seen in Fig. 1 , where the depletion is shown as function of the injected acetylene particle flow rate for different arc currents, the depletion increases with decreasing acetylene particle flow rate and increasing arc current ͑higher ion and electron fluence͒. Notice that under high reactivity conditions the depletion is complete, indicating a very efficient dissociation mechanism and a good mixing. The consumption of acetylene at the position of the mass spectrometer can be described by a simple zero-dimensional model assuming that the acetylene molecules and argon ions are only consumed by the charge exchange and subsequent dissociative recombination reaction ͑1a͒ and ͑1b͒, i.e.,
Here ⌽ C 2 H 2 (t) is the acetylene particle flow rate and ⌽ Ar ϩ( t) the ion particle flow rate. To compare k ⌽ to the ͑densities balance͒ dissociation reaction rate k CE following from Eqs. ͑1a͒ and ͑1b͒, i.e., (‫ץ/ץ‬t)n C 2 H 2 (t) ϭϪk CE n C 2 H 2 (t)n Ar ϩ( t), the diffusion profile and the directed velocity of both species should also be considered.
Assuming that both species have the same constant beam area A and forward velocity v and that the gases in the vessel are well mixed, the particle flow rate ⌽ can be related to the density n by the relation ⌽ϭnvA. The equation above can then be rewritten as: (‫ץ/ץ‬t)⌽ C 2 H 2 (t) ϭϪ(k CE /vA)⌽ C 2 H 2 (t)⌽ Ar ϩ( t), which relates k ⌽ of Eq. ͑3͒ to k CE by k ⌽ ϭk CE /vA. The radicals formed in the dissociative recombination reaction ͑1b͒ may either deposit on the walls, or react in the gas phase and at the walls. Their lifetime is generally much shorter than the residence time of the gases in the expansion vessel ͑typically 0.4 s͒, and therefore the residence time does not need to be included in the model. The time-dependent solution of Eq. ͑3͒ can be expressed in the initial particle flow rates of argon ions ⌽ Ar ϩ( t 0 ) and acetylene ⌽ C 2 H 2 (t 0 ) injected:
This means that if the reaction time t is long enough and if the initial ion particle flow rate is larger than the injected acetylene particle flow rate full consumption (Dϭ1) can be reached. In Fig. 1 the solid lines represent the fits of the consumption of acetylene following from Eq. ͑4͒. The measurement at 89.3 A was fitted using Eq. ͑4͒, varying k ⌽ t and ⌽ Ar ϩ( t 0 ). For the other arc current settings, only ⌽ Ar ϩ( t 0 ) was varied keeping the value for k ⌽ t fixed at the value found at I arc ϭ89.3 A. The value obtained for k ⌽ t is 2.8 ϫ10 Ϫ19 m 3 . At a velocity of 1000 m s Ϫ1 , 11 a distance of 0.65 m from the arc exit to the mass spectrometer, and a ͑constant͒ plasma beam radius of 0.1 m, this corresponds to a k CE of 4.3ϫ10 Ϫ16 m 3 •s Ϫ1 . The value for k CE is in good agreement with the typical values (Ϸ10 Ϫ16 m 3 s Ϫ1 ) reported for the charge exchange reaction of Ar ϩ and C 2 H 2 ͑1a͒, 4 suggesting that the plasma chemistry is indeed dominated by this reaction.
The expanding thermal plasma is a remote plasma which means that the downstream region is decoupled from the arc source due to the large pressure difference of approximately FIG. 1. Depletion of acetylene as a function of the acetylene particle flow injected for different arc currents. Plasma settings: ⌽ Ar ϭ100 sccs, pϭ25 Pa. Solid lines are fits using Eq. ͑4͒. 10 4 Pa. 12 Therefore, the chemical reactivity emanating from the arc can be characterized by measuring the ion or equally electron particle flow rate in a pure argon plasma, i.e., without C 2 H 2 injection. Figure 2 shows the ion fluence ͑expressed in equivalent particle flow rate͒ as function of the arc current at 30 cm from the arc exit. It was determined from the radial integrated ion density profile measured with a Langmuir probe assuming a directed velocity of approximately 1000 m s Ϫ1 for the ions. 11 As can be seen, at 50 A about 10% of the total injected argon particle flow rate is ionized, which is in good agreement with arc modeling. 13 In Fig. 2 also the results for ⌽ Ar ϩ( t 0 ) obtained from the fits of Eq. ͑4͒ are shown. The good agreement strongly suggests that the proposed acetylene consumption mechanism is a one-to-one reaction, i.e., each argon ion ͑plus electron͒ consumes exactly one acetylene molecule and vice versa. In previous work it was shown that the best material is obtained at high growth rates or under conditions where the ion particle flow rate emanating from the arc is approximately equal to the injected acetylene particle flow rate ͑so-called critical loading͒. 3 This suggestion which was based on indirect particle flow rate and arc current variations can now be confirmed considering the measured consumption of acetylene. Moreover, the deposition rate as determined from ellipsometry measurements shows a good correlation with the consumed acetylene particle flow rate indicating that the deposition is a very fast and efficient process. From the proportionality between the consumed carbon particle flow rate and the deposition rate an effective deposition area of approximately 0.3 m 2 can be deduced assuming an a-C:H density of 1.6 g cm Ϫ3 and a hydrogen content in the film of 40%. 3 This is about ten times the beam area suggesting that the largest fraction of the dissociation products ends up at other positions than the substrate.
In conclusion, mass spectrometry and Langmuir probe measurements clearly demonstrate that in an expanding Ar/C 2 H 2 plasma acetylene is consumed by argon ions and electrons emanating from the arc. The good agreement found between a simple model describing the consumption of acetylene and independent measurements with a Langmuir probe points to a one-to-one reaction between argon ions and acetylene molecules. Under certain conditions, a dissociation degree of 100% was reached, indicating that the ion-induced dissociation is more efficient than dissociation by electron impact, for which full dissociation has never been reported. The fact that the growth rate is proportional to the depletion shows that the dissociation products are also very efficiently used in the deposition.
FIG. 2. Ion particle flow emanating from the arc as function of the arc current as obtained from Langmuir probe measurements and from modeling the mass spectrometry results. Plasma settings: ⌽ Ar ϭ100 sccs, pϭ25 Pa.
